A new experimental model was employed to investigate alterations of cerebral metabolic activity in rats subjected to extensive subarachnoid hemorrhage (SAH). The hemorrhages were produced in anesthetized animals by inserting 0.37 ml fresh autologous arterial blood into the subarachnoid space. Rats that underwent sham operations received subarachnoid injections of mock CSF to study the effects of sudden raised intra cranial pressure (lCP). Forty-eight hours after subarach noid injection, the unanesthetized rats were given intra venous injections of [14Cl2-deoxyglucose. Experiments were terminated 45 min later by decapitation, and the brains were removed and frozen. Regional brain meta bolic activity was studied employing quantitative autora diography. In comparison with control animals, cerebral
Following acute subarachnoid hemorrhage (SAH) from rupture of an intracranial aneurysm, vasospasm of the large cerebral arteries often de velops. In patients with vasospasm, about 50% de velop the syndrome of delayed cerebral ischemia (Fisher et aI., 1977; Fisher et aI., 1980) , presumably related to increased vascular resistance in the vaso spastic arteries. However, numerous clinical and laboratory studies have documented global changes in CBF and metabolism that are unrelated to vaso spasm (Ferguson et aI., 1972; Granowska et aI., 1980; Grubb et aI., 1977; Hashi et aI., 1972; Ishii, 1979; James, 1968; Kamiya et aI., 1983; Knuckey et aI., 1985; Meyer et aI., 1983; Mickey et aI., 1984; Montgomery et aI., 1981; Petruk et aI., 1972; Sol omon et aI., 1985; Umansky et aI., 1983; metabolic activity was diffusely decreased following SAH. Statistically significant decreases in metabolic ac tivity of <34% were observed in 17 of 30 brain regions studied. The largest percentage reductions were in re gions displaying the highest basal metabolic rates. Sub arachnoid injections of mock CSF also produced depres sion of cerebral metabolic activity, but quantitatively these changes were not as pronounced as in the hemor rhage group. These studies demonstrate regional changes in brain function following SAH. The data relate these changes to both the presence of blood in the subarach noid space and sudden raised ICP. Key Words: Autoradi ography-Cerebral blood flow-Cerebral metabolism Experimental subarachnoid hemorrhage-Increased in tracranial pressure.
aI., 1985a). The etiology of these global changes and the contribution of these pathophysiological events to the development of cerebral ischemia are unknown.
Regional blood flow and metabolism are critical parameters for the modulation of cerebrovascular autoregulatory function. Therefore, it seems likely that global decreases in CBF and metabolism fol lowing SAH indicate that the normal autoregula tory capacity of the cerebral microvascular bed is diminished. Indeed, clinical and experimental work confirms this assumption (Jakubowshi et aI., 1982; Voldby et aI., 1985b) . Defective autoregulation makes the brain more susceptible to ischemic in sults such as vasospasm and therefore might con tribute to the development of delayed cerebral isch emia after SAH.
In an effort to define the underlying pathophysi ology of the circulatory and metabolic defects en countered following SAH, a new rat model of this clinical condition has been created (Solomon et aI., 1985) . Initial studies of this model have demon-strated that the rat experiences an acute global de crease of CBF following experimental SAH. These effects have been observed in other animal species (Hashi et al., 1972; Kamiya et al., 1983; Petruk et al., 1972; Umansky et al., 1983; Kuwayama et aI., 1972; Simeone et al., 1972; Varsos et al., 1983; Wilkins, 1980) as well as in humans (Ferguson et al., 1972; Granowska et al., 1980; Grubb et al., 1977; Ishii, 1979; James, 1968; Meyer et al., 1983; Voldby et al., 1985a) , indicating that the rat may have similar circulatory responses to SAH.
The metabolic responses of the rat brain to SAH are unknown. To our knowledge, no systematic in vestigation of regional metabolic activity after SAH has yet been performed in any animal or human study. For these reasons, the following experi mental work was designed to evaluate the regional cerebral metabolic changes induced by SAH and thereby firmly establish the rat as a viable labora tory model of an important clinical situation.
MATERIALS AND METHODS
Male Sprague-Dawley rats weighing �400 g were used in these studies. Regional cerebral metabolic activity was evaluated in a total of 10 rats, 48 h following induced SAH. The values for these animals were compared with those of 10 control rats and nine rats that received sub arachnoid injections of mock CFS 48 h prior to determi nation of cerebral metabolic activity.
SAH was created in the experimental group utilizing an improved version of our previously described technique (Solomon et al., 1985) . Rats to undergo SAH were anes thetized with ketamine HCI (100 mg/kg intramuscularly), had placement of a femoral artery catheter, and were im mobilized in a stereotaxic head holder (David Kopf In struments, Tu junga, CA, U.S.A.). The scalp over the cal varium and posterior cervical region was shaved, and a l-cm skin incision was used to expose the midline of the interparietal-occipital suture and the atlanto-occipital membrane. This membrane was carefully dissected under the operating microscope to remove extraneous tissue and render the unruptured dura over the cisterna magna nearly transparent. A 2-mm hole was then drilled in the skull in the midline of the interparietal-occipital suture, just rostral to the occipital bone. Fresh arterial nonhepa rinized blood, 0.37 ml, was then withdrawn from the fem oral artery catheter and placed in a syringe with a 30gauge needle. Saline, 0.37 ml, was injected back into the arterial catheter for volume replacement. The needle was passed through the burr hole and advanced along the inner table of the occipital bone in the direction of the cisterna magna. By use of the operating microscope, the needle tip could be observed to enter the cisterna magna. Once the needle position was confirmed, the blood was slowly injected into the subarachnoid space. After the in jection was completed, the needle was withdrawn and the animal tipped into a 20° head-down position for 5 min as the skin incision was sutured. The femoral arterial cath eter was removed and the vessel ligated. The rat was then allowed to recover fully from anesthesia in an individual cage.
Rats with sham operations were prepared by a nearly identical technique. The only difference was that, instead of injecting fresh arterial blood into the cisterna magna, 0.37 ml of a mock CSF solution was injected. This solu tion consisted of 118 mEq/L NaCI, 5 mEq/L KCI, 23 mEq/L NaHC03, and 5 giL of bovine serum albumin. The solution was then saturated with 5% CO2 gas to bring the final pH to 7.25.
Forty-eight hours after the artificial SAH or the mock CSF injection, the cerebral metabolic activity was studied according to the methods developed by Sokoloff et al. (1977) . For controls, a group of rats that had no intervention prior to metabolic studies was studied. The rat to be studied was anesthetized with 0.5% halothane in NzOI02 70:30 to allow placement of femoral artery and femoral vein catheters. The animal was then immobilized on a lead brick warmed to 37°C and allowed 2 h to recover fully from the effects of anesthesia. Te mperature was monitored by a rectal probe and maintained at 3rC by means of a heating lamp. Arterial blood pressure was re corded continuously on a Grass multichannel polygraph recorder, and arterial blood gases were monitored. Fifty microcuries of [14]C2-deoxyglucose (New England Nu clear, Boston, MA, U.S.A.) in 0.5 ml of 0.9% NaCI was injected as an intravenous bolus. timed arterial blood samples were collected over the next 45 min and assayed for plasma [14C]deoxyglucose content by liquid scintilla tion counting and plasma glucose concentration by stan dard enzymatic methods. At exactly 45 min following the isotope injection, the animal was decapitated, and the brain was quickly removed and frozen in freon 22 at -70°C. Time from decapitation to freezing did not ex ceed 3 min. When the brain was fully frozen, it was coated in chilled embedding medium and stored at -80°C until processing. At the time of sectioning, the brain was warmed to -14°C and cut on a cryostat (Histostat, American Optical Scientific Products, Buffalo, NY, U.S.A.) to produce 20-f,Lm thick sections. Every 25th section was mounted on a glass cover slip, dried on a hot plate at 60°C for at least 5 min, and placed sequentially in an x-ray cassette with a set of 14C methyl methacrylate standards (Amersham Corp., Arlington Heights, IL, U.S.A.).
Autoradiographs were prepared using medical x-ray film, Type SB-5 (Eastman Kodak Co., Rochester, NY, U.S.A.). Exposure time was 6 days, and the films were developed in an automatic processor (X-OMAT Pro cessor Model SP, Kodak). The films were analyzed for regional 14C content using the Eye-Com II video densi tometer (Spatial Data Systems, Goleta, CA, U.S.A.). Local tissue concentrations were determined by com paring the optical density of the radioactive standards with the optical densities of the film in the regions repre senting the cerebral structure of interest. Local cerebral glucose utilization was then calculated from the local tissue concentration of 14C and the plasma [14C]deoxyglu cose and glucose concentrations according to the opera tional equation and rate constants of Sokoloff et al. (1977) .
RESULTS
All rats that were subjected to artificial SAH were noted to experience sudden elevation of the systemic blood pressure at the time of cisterna magna injection of blood. These changes were pre sumed to be manifestations of a transient increase in intracranial pressure (ICP), and blood pressure generally returned to baseline values within 5 min (detailed in a previous publication: Solomon et al., 1985) .
At the time of autopsy, the experimental rats were found to have extensive blood clots filling the basal cisterns of the brain. Fisher et al. have docu mented in clinical studies that extensive blood clots filling the basal cisterns of patients after SAH were highly correlated with the development of delayed ischemia (Fisher et al., 1980) . Therefore, our labo ratory findings in the rat were indicative of suc cessful experimental SAH, which mimic, at least morphologically, the severe nonfatal SAH observed in humans. No blood clots were found in either the control rats or the rats with sham operations. How ever, previous studies have shown that sham rats experience the same sudden rise in rcp and blood pressure as noted for the hemorrhage group (Sol-omon et aI., 1985) . There were no behavioral or neurological changes produced by experimental SAH.
During the course of metabolic studies, arterial
Pco2 and mean arterial pressure did not vary more than ± 10%. Thirty brain regions were studied for metabolic activity in each of 29 rats (10 controls, 10 with induced SAH, and nine sham operated rats).
No right-left differences were observed in any bi laterally represented region of the same brain. The mean metabolic activity and standard error for indi vidual brain regions were calculated for each group of rats; these data are presented in Ta ble 1. Indi vidual brain regions among the three groups of ani mials were compared by an analysis of variance.
When a significant variance was discovered, the Bonferroni-adjusted t test was utilized to perform three pairwise comparisons for each brain region.
Significance of the difference between any two means was assumed when the t test showed a p < 0.017 (Glantz, 1981) . When the group of rats that a Probability that means are significantly different. Analysis of variance and the Bonferroni-adjusted t test was utilized. Significance of the difference between any two means was assumed when the t test showed a p < .0017 (see text).
were subjected to SAH was compared with the control group, statistically significant decreases in cerebral metabolic activity was found in 17 of 30 regions studied. For the most part, these regions tended to be areas of the brain involved with sen sory or motor function. The most dramatic de creases were in brain regions that process auditory information, but significant decreases were ob served in regions related to vision, somatic sensa tion, and motor function. Conversely, the great ma jority of hypothalamic nuclei and limbic structures that were studied showed no significant changes in the SAH group, compared with the controls. In general, brain areas with the highest basal meta bolic activity showed the greatest percentage drop of glucose utilization after SAH.
The rats with sham operations demonstrated sig nificantly reduced metabolic activity in 11 of 30 brain regions studied (see Ta ble 1). Although modest decreases in glucose utilization were seen in the sham group, the magnitude of this depression was not as great as that observed in the hemorrhage group, nor as widespread. Only four regions in the SAH rats showed metabolic activity significantly below that in the sham group. All of these regions represent structures with the highest cerebral meta bolic activity in control animals.
DISCUSSION

Numerous experimental strategies have been
proposed for the laboratory study of SAH, in cluding models in dogs (Kamiya et aI., 1983; Barry et aI., 1979; Doczi et aI., 1984; Lacy and Earle, 1983; Svendgaard et aI., 1983) , cats (Umansky et aI., 1983) , primates (Hashi et aI., 1972; Petruk et aI., 1972; Fein, 1975; Weir et aI., 1970; Eichlin, 1965) , and rats (Barry et aI., 1979; Doczi et aI., 1984; Lacy and Earle, 1983; Svendgaard et aI., 1983) . For reasons detailed in our previous publication (Sol omon et aI., 1985) , we believe that our described techniques offer the best available approach to the study of SAH in the rat. The hemorrhages are pro duced in an essentially intact skull with little possi bility for direct CNS trauma. Injections of blood produce extensive hemorrhages confined to the subarachnoid space, which morphologically re semble severe spontaneous human SAH (Fisher et aI., 1980) . Most importantly, these studies show that following experimental SAH in the rat, cere bral metabolism and blood flow are altered in a pat tern analogous to that in the clinical setting (Grubb et aI., 1977; Ishii, 1979; Mickey et aI., 1984; Doczi et aI., 1984) . 1987 Although there is regional variation in the magni tude of the metabolic depression, it is important to note that most regions of the CNS were affected by SAH. Some areas of the brain had no detectable fall in glucose utilization, whereas other regions dem onstrated a change of as much as 34% when com pared with control animals. Brain regions asso ciated with very high control values of metabolic activity, such as the auditory pathways, visual pathways, and somatic sensory pathways, dis played the most impressive and consistent reduc tions of glucose utilization. Conversely, regions of the brain with lower baseline metabolic function, such as the hypothalamus and limbic system, showed the least variation of metabolic activity and continued to function at a normal level.
Detailed analysis of the brain regions showing the greatest alterations of metabolic activity reveals that there is no apparent association between the proximity of the region to the CSF pathways and depression of metabolic activity. All of the thalamic nuclei, most of the subcortical grey structures, and many brain stem nuclei displayed significant reduc tions of cerebral metabolic activity. For the most part, these regions have no contact with the cis terns or the ventricles of the brain. Hypothalamic areas that are in close proximity to the basal cis terns showed very little depression of metabolic ac tivity. These relationships probably exclude the possibility that the metabolic changes observed are the result of direct toxic effects of blood or blood products on cellular metabolism.
It is important to note that the rats with sham operations displayed a significant decrease in meta bolic activity compared with the controls. This re duction, though not as large as in the hemorrhage group, suggests a role for altered ICP dynamics in the pathophysiologic changes that follow human SAH. Indeed, prolonged changes in cellular meta bolic function have been demonstrated to occur fol lowing periods of transient global ischemia in the rat (Ljunggren et aI., 1974a; Ljunggren et aI., 1974b) . Even brief periods of total ischemia, such as might occur with sudden raised ICP, can lead to temporary depletion of energy substrates and lin gering derangements in amino acid metabolism, which may last for several days (Ljunggren et aI., 1974b) . Although the present studies show an ad ditional effect of subarachnoid blood over saline on cerebral metabolism, it is evident that acute ICP changes accompanying aneurysm rupture con tribute to the overall clinical picture of SAH.
Whether or not the metabolic depression induced by suddenly raised ICP is as long-lasting as the de-pressive effects of subarachnoid blood alone re mains to be investigated.
The correlation between cerebral vasospasm and focal disturbances of brain function has been well established by clinical and neuroradiological studies (Fisher et aI., 1977; Fisher et aI., 1980) . Iso tope studies with an external detection system in human patients after spontaneous SAH have shown significant decreases in regional CBF and regional oxygen utilization (Ferguson et aI., 1972) . Marked focal reductions in blood flow and metabolism were observed in the presence of vasospasm. However, less severe disturbances were also observed in the absence of vasospasm.
Although regional variations of metabolic ac tivity seem to accompany decreased blood flow, it has not been demonstrated that in the absence of cerebral vasospasm, decreased CBF is the cause of reduced cerebral metabolic activity. In fact, there is evidence that SAH may have a direct effect on ce rebral oxidative metabolism and energy balance.
Fein demonstrated decreased cerebral metabolic activity in monkeys and rats acutely following ex perimental SAH (Fein, 1975) . These studies indi cated that during the first few hours after cisternal injections of blood, a depression of oxidative me tabolism occurred at a time when glucose supply exceeded utilization. This finding may indicate that decreased metabolic activity can occur indepen dently of reduced CBF.
There is little evidence that cerebral vasospasm is responsible for the metabolic changes observed in the rat after experimental SAH. Vasospasm is generally a focal process and does not occur in all individuals after SAH. However, the studies re ported in this paper demonstrate that the observed metabolic changes are global and are not restricted to specific vascular territories. As well, 100% of rats studied after SAH exhibited reduced cerebral metabolic activity. Other investigators have docu mented that electron microscopic (EM) evidence of vasospasm in canine models correlates with the an giographic narrowing of delayed vasospasm fol lowing SAH (Mayberg et aI., 1978; Someda et aI., 1979) . We have performed extensive EM investiga tions of rat basilar arteries from five control rats and five rats 72 h following induced SAH. We failed to identify any morphological evidence of cerebral vasospasm in these studies (manuscript in prepara tion).
Although not conclusive, these points probably exclude vasospasm of the large cerebral arteries as the cause of the diffuse metabolic changes ob served. However, further studies are needed to demonstrate the exact mechanism responsible for these global changes in cerebral metabolism.
Vasoconstriction of the small intraparenchymal vessels of the cerebral circulation causing de creased blood flow and limitation of energy sub strates remains as a viable explanation for the de creased metabolic activity. These microcirculatory changes could be produced via activation of the locus coeruleus, an area of the reticular activating system known to be stimulated in periods of stress (Amaral and Sinnamon, 1977) . The locus coeru leus has direct projections to the capillaries and ar terioles of the cerebral circulation (Amaral and Sin namon, 1977) , and stimulation of this nucleus has been demonstrated to result in a global reduction of CBF (Raichle et aI., 1972) .
Noradrenergic fibers from the locus coeruleus also make inhibitory synapses on neurons throughout the central nervous system (Amaral and Sinnamon, 1977) , and stimulation of this nucleus might directly cause a global decrease in cerebral metabolic activity. The locus coeruleus is known to have a modulatory effect on cerebral metabolic function (Diller et aI., 1978; Harik et aI., 1979; Ka tayama et aI., 1975) . We propose that this system is involved in the reduction of cerebral metabolic ac tivity after SAH either primarily via decreased neu ronal activity or secondarily to decreased CBF.
Certainly, further experimental work will be re quired to support this theory.
These studies of SAH in the rat are important be cause the pathophysiological changes in cerebral circulation and metabolism seen in this model are analogous to changes in blood flow and metabolism that have been observed in the clinical setting.
Therefore, this work establishes this rat model of SAH as a viable laboratory instrument for the study of these global changes. Important questions re lated to mechanism and contribution to delayed ce rebral ischemia can now be addressed.
